There is a critical need to generate functional hepatocytes to aid in liver repair and regeneration upon availability of a renewable, and potentially personalized, source of human hepatocytes (hHEP). Currently, the vast majority of primary hHEP are obtained from human tissue through cadavers. Recent advances in stem cell differentiation have opened up the possibility to obtain fully functional hepatocytes from embryonic or induced pluripotent stem cells, or adult stem cells. With respect to the latter, human bone marrow mesenchymal stromal cells (hBMSCs) can serve as a source of autogenetic and allogenic multipotent stem cells for liver repair and regeneration. A major aspect of hBMSC differentiation is the extracellular matrix (ECM) composition and, in particular, the role of glycosaminoglycans (GAGs) in the differentiation process. In this study, we examine the influence of four distinct culture conditions/protocols (T1-T4) on GAG composition and hepatic markers. aFetoprotein and hepatocyte nuclear factor-4a were expressed continually over 21 days of differentiation, as indicated by real time quantitative PCR analysis, while albumin (ALB) expression did not begin until day 21. Hepatocyte growth factor (HGF) appears to be more effective than activin A in promoting hepatic-like cells through the mesenchymal-epithelial transition, perhaps due to the former binding to the HGF receptor to form a unique complex that diversifies the biological functions of HGF. Of the four protocols tested, uniform hepatocytelike morphological changes, ALB secretion, and glycogen storage were found to be highest with protocol T2, which involves both early-and late-stage combinations of growth factors. The total GAG profile of the hBMSC ECM is rich in heparan sulfate (HS) and hyaluronan, both of which fluctuate during differentiation. The GAG profile of primary hHEP showed an HS-rich ECM, and thus, it may be possible to guide hBMSC differentiation to more mature hepatocytes by controlling the GAG profile expressed by differentiating cells.
Introduction
P rimary human hepatocytes (hHEP) are rapidly becoming indispensable in drug discovery, human toxicology, and regenerative medicine [1] . These cells are typically obtained from deceased individuals and then cryopreserved for subsequent use; however, they quickly lose phenotypic properties upon culturing, which limits their use [2] . Recent advances in human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) may ultimately obviate the need to obtain fresh hepatocytes from human donors. hESCs and induced pluripotent stem cells are able to commit to an endodermal lineage, which can be terminally differentiated into hepatocytes [3] [4] [5] . However, differentiating hESCs or hiPSCs into functional hepatocytes remains difficult with variable degrees of functionality achieved and with low yield [6, 7] .
Recently, adult mesenchymal stromal cells derived from bone marrow (BMSCs), and stromal stem cells (MSCs) from more readily available tissues, such adipose and umbilical cord, have been investigated as potential hepatocyte sources. However, relatively little work has been performed in using these adult cells outside of examples with rodents [8] [9] [10] . In particular, methods of differentiating human BMSCs (hBMSCs) and hMSCs into hepatocytes are not sufficiently advanced. To that end, work to date has focused on exogenous chemical and physical cues, such as extracellular matrix (ECM) composition, biomaterial stiffness and cell morphology [11] [12] [13] , and static versus dynamic culturing [8] .
It is well established that the local ECM plays a major role in cell fate and function [14] , and a major component of the ECM is the glycosaminoglycans (GAGs). Unfortunately, little work has been undertaken to understand the influence of GAG composition and changes to GAG composition on stromal cell differentiation. In previous work, we showed that dramatic changes to GAG type and composition in hESCs occur as the cells differentiate into early mesoderm and endoderm lineages [15] . Separately, highly sensitive liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to detect very low amounts of GAGs in tissue samples and cells, which resulted in new insights into the temporal remodeling of GAG type and composition in hESC differentiation [16] .
Based on these previous studies, we hypothesize that methods to control GAG type and composition, effectively the ''GAGome,'' can be used to optimize hBMSC differentiation into complex terminal cell types, such as primary hHEP. In this work, we show that, although all four protocols (T1-T4) could direct differentiation of hBMSCs toward a hepatic lineage, one protocol (T2) stood out in terms of morphology and functional performance. While none of the protocols produced mature hepatocytes, by identifying the profile changes of GAGs and their component disaccharides, it may be possible to further optimize differentiation and maturation based on controlling GAG profiles during differentiation.
Materials and Methods

Isolation and culture of adult hBMSCs
Ten milliliters of unprocessed fresh bone marrow was purchased from Lonza (Walkersville, MD). Bone marrow was diluted to 5-10 million cells/mL in Dulbecco's modified Eagle medium and Ham's F12 with Glutamax (DMEM/F12; Life Technologies). Cells were then layered over Ficoll-Paque and centrifuged at 450 · g for 40 min at room temperature. The mononuclear cell fraction was collected and resuspended in growth media, seeded onto 75 cm 2 culture flasks, and cultured at 37°C in humidified atmosphere containing 5% CO 2 . Growth media consisted of DMEM/F12 with Glutamax, 10% fetal bovine serum (FBS; Life Technologies), and 1% penicillin-streptomycin (Life Technologies). Nonadherent cells were removed after 4 days by gently washing with phosphate-buffered saline (PBS; Invitrogen). The culture medium was changed every 3 days and cells were passaged at *90% confluence. All experiments were performed at passage 3 or 4. Cryoplateable primary hHEP were cultured according to the manufacturer's protocol (Millipore-Sigma).
Hepatic differentiation protocols
Four protocols were compared to identify the differentiation conditions that produced functional hepatocyte-like cells (Fig. 1) . In all differentiation protocols, DMEM/F12 medium without FBS was used, a sequential two-step method (differentiation and maturation) was employed, and the protocols were divided into two groups. The first group (protocols T1A, B, and C) consisted of a mesoderm-to-endoderm (MET) initiation step where hBMSCs are first induced by the addition of 25, 50, or 100 ng/mL of activin A (R&D Systems), respectively, with 10 ng/mL epithelial growth factor (EGF; Thermo Fisher Scientific) and beta-fibroblast growth factor (bFGF; Fisher Scientific). The differentiation step included 50 ng/mL hepatocyte growth factor (HGF; Thermo Fisher Scientific), 30 ng/mL bFGF, 20 ng/mL EGF, 1· Premix culture supplement (100· stock; Millipore-Sigma), and 0.6 mg/ mL nicotinamide (Sigma). For the maturation step, 20 ng/mL oncostatin M (OSM; Fisher Scientific), 1 mM dexamethasone (Sigma), and 0.1% dimethyl sulfoxide (DMSO) were added. The second group (protocols T2, T3, and T4) included direct differentiation without an EMT initiation step. T2 differentiation included 20 ng/mL HGF, 10 ng/mL bFGF, and 0.61 g/L nicotinamide followed by maturation with 20 ng/mL OSM, 50 mg/mL ITS+, and 1 mM dexamethasone. T3 differentiation included 20 ng/mL HGF, 100 mM dexamethasone, and 50 mg/ mL ITS+ followed by maturation with 20 ng/mL OSM, 100 mM dexamethasone, and 50 mg/mL ITS+. T4 differentiation was performed in two stages; stage one included 10 ng/ mL each of fibroblast growth factor-4 (FGF-4; PeproTech) and ITS+. Stage two included 20 ng/mL HGF, which continued into maturation by addition of 1· ITS+ and 1 mg/mL dexamethasone. Undifferentiated hBMSCs were cultured in DMEM/F12 medium with 10% FBS.
Quantitative real time-quantitative polymerase chain reaction
Key early and mature hepatic markers were evaluated in differentiated and nondifferentiated hBMSCs, and primary hepatocytes, all cultured in 24-well plates. At predetermined time points, cells were washed with PBS, and the total RNA was isolated using Direct-zol (Zymo Research) following the manufacturer's protocol. After isolation, 0.1-1.0 mg of RNA was converted to cDNA and amplified using the high capacity reverse transcription kit (Invitrogen). Realtime quantitative polymerase chain reaction (qPCR) was performed using TaqMan gene expression master mix (ThermoFisher). The threshold cycle values of target genes were standardized against human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Hs02758991) expression. Genes for human AFP (a-fetoprotein; Hs00173490), human hepatocyte nuclear factor (HNF)-4a (Hs00230853), and human albumin (ALB) (Hs00609411) were quantified and normalized to the housekeeping gene, GAPDH. Relative expression fold changes were determined by normalizing to those of undifferentiated hBMSCs.
Periodic acid and Schiff's solution staining
At the end of hBMSC maturation (day 21), intracellular glycogen was analyzed (Periodic Acid-Schiff [PAS] staining system; Sigma). Cells, plated in 24-wells, were fixed in a 10% formaldehyde solution for 10 min and then rinsed in distilled deionized (DDI) water. Following the manufacturer's protocol, cells were stained with a periodic acid solution. After rinsing with DDI water, cells were immersed in Schiff's reagent for 15 min tand hen washed with DDI water for 5 min. Samples were counterstained for the nucleus with hematoxylin for 90 s and then washed in running water for 30 s. Samples were air dried and imaged.
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ALB secretion and CYP450 activity assays
To confirm hepatic metabolic functions, hBMSCs were cultured on 96-well plates and CYP450 activity and ALB secretion were measured on day 21. Media were collected from 96-well plates and ALB secretion was evaluated using a quantitative human ALB enzyme-linked immunoassay kit (Fisher Scientific). A negative control (undifferentiated cells) and a positive control (primary hepatocytes) were similarly cultured. Three major cell-based human CYP450s were interrogated; the activities of CYP1A2, CYP3A4, and CYP2C9 were measured using the P450-Glo assay (Promega) following the manufacturer's instructions. CYP levels were measured 48 h after induction with 100 mM omeprazole for CYP1A2 and 25 mM rifampicin for CYP2C9 and CYP3A4.
Isolation and purification of total GAGs and compositional analysis
Both extracellular and intracellular GAG type and composition were measured throughout the differentiation protocol using previously described methodologies [15, 17] . Briefly, cells were first washed with PBS and then incubated with 100 mL of BugBuster 10 · Protein Extraction Reagent and sonicated for 1 h. Samples were desalted by passing through a 3 kDa molecular weight cutoff spin column and washed thrice with DDI water. The casing tubes were replaced before 300 mL of digestion buffer (50 mM ammonium acetate containing 2 mM calcium chloride adjusted to pH 7.0) was added to the filter unit. Recombinant heparin lyase I, II, and III and recombinant chondroitin lyase ABC (10 mU each) were added to each sample and mixed well. The samples were all placed in a 37°C incubator overnight, after which enzymatic digestion was terminated by removing the enzymes by centrifugation. The filter unit was washed twice with 300 mL DDI water and the filtrates containing the disaccharide products (molecular weight <700 Da) were dried by vacuum centrifugation. The dried samples were then treated with 10 mL of 0.1 M 2-aminoacridone (AMAC) in DMSO/acetic acid (17/3, v/v) at room temperature for 10 min, followed by adding 10 mL of 1 M aqueous sodium cyanoborohydride and incubating for 1 h at 45°C. A mixture containing all 17 disaccharide standards (Iduron) prepared at 0.5 ng/mL was similarly AMAC labeled and used for each run as an external standard.
After AMAC labeling, the samples were centrifuged and each supernatant was recovered. LC was performed on an Agilent 1200 LC system at 45°C using an Agilent Poroshell 120 ECC18 (2.7 mm, 3.0 · 50 mm) reverse phase column. Mobile phase A was 50 mM ammonium acetate aqueous solution and mobile phase B was methanol. The mobile phases passed through the column at a flow rate of 300 mL/min. The gradient was 0-10 min, 5%-45% B; 10.0-10.2 min, 45%-100% B; 10.2-14.0 min, 100% B; and 14-22 min, 100%-5% B. The injection volume was 5 mL. A triple quadrupole mass spectrometry system equipped with an ESI source (Thermo Fisher Scientific, San Jose, CA) was used a detector. The online MS analysis was performed in the multiple reaction monitoring mode with negative ionization and a spray voltage of 3,000 V, a vaporizer temperature of 300°C, and a capillary temperature of 270°C.
Results from all experiments are expressed as meanstandard deviation. Statistical analyses were performed using one-way analysis of variance and Student's t-test. The significance level was set at P £ 0.05.
Results
Comparison of protocols for hBMSC differentiation toward human primary hepatocytes
The hBMSCs initially were evaluated for potential heterogeneity. To that end, flow cytometry was performed on the cell population and the major hBMSC markers, CD73, CD90, and CD105, were observed in >85%, 87%, and 60% of the total cells, respectively ( Supplementary Fig. S1 ). This indicates that the starting cell population was highly homogenous for hBMSCs. Four culture protocols were examined to induce hepatic differentiation of hBMSCs isolated from fresh bone marrow at passages 3 or 4 ( Fig. 1) . These protocols were designed to induce differentiation through the EMT initiation stage with 20, 50, or 100 ng/mL of activin A (protocols T1A, B, and C respectively), or directly toward hepatocyte-like cells (protocols T2, T3, and T4). Under all these conditions, hBMSCs could differentiate toward hepatocyte-like cells. These cells showed a transition from the elongated spindle-like shape, typical of hMSCs, into varying morphologies (Fig. 2) . Protocols T1A, B, and C yielded the fewest morphological changes toward the normal hepatic polygonal morphology (Fig. 2 ) [18, 19] . With 25 ng/mL activin A (protocol T1A), only about 50% of the cells showed a more rounded morphology ( Fig. 2; dashed circle) , while the other 50% remained in a spindle-like shape ( Fig. 2; arrow) . Cells in both the T1B and C protocols remained spindle like, but much shorter. These morphological changes are consistent with previous reports on hBMSCs in the presence of EGF and FGF [20] . Protocol T2 showed the most homogeneous morphological transition into a polygonal shape. A heterogeneous population of mostly polygonal and a few spindle-like (arrow; Fig. 2 ) cells was observed in protocols T3 and T4.
Gene expression of the key hepatic markers, HNF-4a, AFP, and ALB, was quantified to determine whether these morphological changes are associated with changes at the transcriptional level. HNF-4a and AFP are distinct hepatic markers, with HNF-4a expressed at early stages of liver development and AFP activated due to liver injury [21, 22] . ALB is a late hepatic marker and represents the functional state of induced hepatocyte-like cells.
On day 3, based on transcriptional increase from the undifferentiated hBMSC levels (Fig. 3) , AFP levels were significantly higher compared with HNF-4a in protocols T1A and T3, while HNF-4a was significantly higher than AFP in protocol T4. ALB was expressed on day 3, and protocols T1A and T2 showed higher levels than with other protocols. By day 7, ALB levels dropped to almost zero and AFP expression also significantly decreased, while HNF-4a increased. As early-stage markers, HNF-4a and AFP showed a typical trend of early transition into the hepatic lineage with high transcription at early stages. By day 21, ALB and AFP showed a second upregulation event from the levels on day 7. AFP upregulation with protocol T2 on day 21 was highest among the four protocols. ALB upregulation in protocol T1A was significantly higher than protocols T1C, T2, and T4. However, even after 21 days of differentiation, ALB gene expression was significantly lower than in primary hHEP, and AFP gene expression was high compared to primary hHEP. These results indicate a definitive transition toward hepatic lineage at the early stages and mid-stages of differentiation [20, 22] . We next extended differentiation analysis to functional phenotypic properties of the differentiated hBMSCs. To that end, we examined ALB secretion, glycogen storage, and CYP450 isoform activity. ALB secretion is shown in Fig. 4 , on day 21 of differentiation. All protocols showed significantly higher ALB levels than the undifferentiated hBMSCs control (CTR). Protocol T2 was significantly (P < 0.05) higher than protocols T1A, B, and C, and T3. The level of ALB in protocols T3 and T4 was also significantly higher than in protocols T1A and B. ALB secreted from primary hepatocytes was significantly higher compared with all differentiation protocols (P < 0.05), except for T2 (P = 0.06). This agrees with the gene expression data where ALB levels in differentiated hBMSCs were lower than in primary hepatocytes and confirms the mid-state differentiation of hBMSCs toward mature hepatocytes. -DDCT were calculated by normalizing to those of undifferentiated hBMSCs (CTR). The data are represented as averages -SD, n = 3. ALB expression on day 21 was compared to that of human primary hepatocytes (dashed box at day 21). * and # indicate statistically significant changes of P < 0.05 and P < 0.003, respectively. AFP, a-fetoprotein; ALB, albumin; CTR, control; hHep, human hepatocytes; HNF, hepatocyte nuclear factor; qRT-PCR, real time-quantitative polymerase chain reaction; SD, standard deviation.
FIG. 4.
ALB secretion at 21 days of differentiation. hBMSCs exposed to activin A resulted in significantly lower ALB levels than direct methods (protocols T2, T3, and T4). Data represented as average -SD (n = 3). An asterisk (*) represents significance with P < 0.05.
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PAS staining showed elevated accumulation of glycogen when hBMSCs were directly differentiated (protocols T2, T3, and T4) into hepatocyte-like cells (Fig. 5) , in comparison to protocols T1A-C with a mesenchymal-to-epithelial (MET) initiation step. Protocol T2 showed higher glycogen accumulation when compared to protocols T3 and T4. With respect to CYP450 induction, we exposed differentiated hBMSCs and primary hepatocytes to 100 mM omeprazole to induce CYP1A2 activity and 25 mM rifampicin for CYP1A2 and CYP2C9 activity. As depicted in Fig. 6 , as expected, CYP1A2, CYP2C9, and CYP3A4 were clearly induced in primary hHEP. In undifferentiated hBMSCs, very low activity of each CYP450 was observed. Differentiated hBMSCs showed significantly higher CYP450 activity over that of undifferentiated hBMSCs. However, CYP450 activity was several fold lower compared with primary hepatocytes, suggesting that fully mature hepatocytes were not formed after 21 days.
Influence of differentiation on GAG content
Our overarching hypothesis is that different differentiation protocols will result in distinct GAG type and composition, and such differences can be used to optimize hBMSC differentiation into complex terminal cell types, including primary hepatocytes. To this end, we evaluated the GAG profiles of primary hepatocytes and differentiating hBMSCs using the various differentiation protocols as a function of time. Undifferentiated hBMSCs (CTR) on day 3 had higher levels of heparan sulfate (HS, 54% of total GAG content) and hyaluronic acid (HA, 32%) compared to chondroitin sulfate (CS, 14%) (Fig. 7) . These values were relatively unaffected through day 21, indicating that the undifferentiated cells were stable for the duration of the experiment.
On day 3, the differentiating hBMSCs showed dramatically lower HS levels versus the undifferentiated cells, with the exception of protocol T4. The CS content remained roughly constant among the different protocols. Conversely, HA showed the opposite trend on day 3, and was significantly higher in the differentiating hBMScs than in undifferentiated cells, except for protocol T4. Extending differentiation to 7 days, HS content was significantly lower in protocols T1A and C and T2, when compared to the control. CS levels in protocol T2 were significantly lower than among the other protocols. HA significantly increased for protocols T1A and C and T2, and remained relatively the same for protocols T1B, T3, and T4, when compared to the undifferentiated hBMSCs. By day 21, a drop of HA levels in protocols T1A, B (significant), and C was observed, while an increase was obtained in protocols T2 (significant), T3, and T4, when compared to undifferentiated hBMSCs. An increase of HS levels was obtained in protocol T1B, while a drop in HS levels occurred in protocol T4. The GAG profile for primary hHEP was also examined and found to consist primarily of HS (95% of total GAG content) with HA and CS only 0.3% and 5%, respectively.
More detailed GAG compositional assessment can be made by evaluating the structure of the GAGs through disaccharide analysis. To this end, we digested HS and CS with heparinases and chondroitinase, respectively. For HS, these include N-acetylated HS chains (0S, 2S, 6S, and 2S6S) and N-sulfonated HS chains (NS, NS2S, and NS2S6S [or TriS]) as depicted in Fig. 8 . For CS, these include Nacetylated CS chains (4S, 6S, 2S, 2S4S, 0S, 2S6S, and 4S6S) and N-sulfonated CS chains (TriS). The dominant HS structure consisted of the 0S (Fig. 9A) ; on day 3, 0S levels increased in protocols T1A and T4, and significantly increased in protocols T1B, T1C, and T2, while remained similar to undifferentiated hBMSCs in protocol T3. NS2S significantly decreased in protocol T1C on day 3, while slightly decreased in protocols T1A and B, and T2. NS significantly increased in protocol T1C compared to undifferentiated hBMSCs, and slightly decreased in all other protocols, with the exception of protocol T4. On day 7, a major transition in disaccharide composition was observed in protocol T1B, where a significant decrease in 0S (drop of 52%) was complemented by a significant increase in NS2S (3.6-fold) compared to undifferentiated hBMSCs. 0S was detected at higher levels in protocol T1A and at significantly higher levels in the other protocols when compared to the control. The day 3 trend for NS and NS2S levels in protocol T1C remained the same when compared to undifferentiated hBMSCs on day 7. After 21 days of differentiation, including maturation steps, the OS and NS2S disaccharide profiles did not change from day 7 for protocol T1B in comparison to undifferentiated hBMSCs. Although not significant, a drop in 0S and an increase in NS were observed in protocols T1C, T3, and T4 when compared to undifferentiated hBMSCs. All other disaccharide (2S, 6S, 2S6S, NS6S, and TriS) levels (the sum of the averages is shown) were negligible (<6% on day 3, < 8% on day 7, and <12% on day 21). Of the HS present in human primary hepatocytes (*95% of total GAG), 68% 0S, 24% NS, and 9% of the other disaccharides were detected (data not shown). When compared to primary hHEP, the best performing protocol, T2, only expressed *35% HS as a function of total GAG on day 21, of which 60% consisted of 0S and 21% NS. Although the individual disaccharide profiles are close to that of human primary hepatocytes, the total HS detected is 2.7-fold lower in protocol T2. For protocol T1B, the GAG HS content was 79% on day 21, and of that, less than one-quarter was 0S and two-thirds was NS2S.
This comparison highlights the impact of understanding and tracking GAG changes and GAG structure, as reflected in disaccharide profiles during differentiation. Cytokines and chemical additives clearly influence the newly forming ECM. For example, bEGF and FGF are shown to prime hBMSCs for hepatic differentiation, while nicotinamide (protocols T1A-C in the differentiation step) and dexamethasone (all protocols at the maturation step) are known to be potent differentiation inducers [20, 23] . However, in the case of T1A-C, the addition of activin A for 24 h was not sufficient to fully induce MET transition. Thus, if bEGF and FGF are primers for BMSCs into hepatic lineage, the addition of activin A at early stage was not adequate or even needed. The GAG profile of protocols T1A-C is slightly more consistent throughout 21 days of differentiation, but the disaccharide profile does not match that of primary hHEP. In the case of protocol T2, the differentiation was more successful and the disaccharide profile for HS was relatively similar to that of primary hHEP (Fig. 9A) . The disaccharide profile for CS (Fig. 9B ) revealed 4S to be the dominant disaccharide in all protocols and its level was maintained throughout 21 days of differentiation. The combined averages for 6S, 2S, and 2S4S and the combined averages for 0S, 2S6S, 4S6S, and TriS also remained relatively constant. Disaccharide analysis of primary hHEP (not shown) revealed that of the 0.3% CS detected, 4S (64%) and 0S (26%) were the dominant disaccharides. The CS profile in general is similar to that of the undifferentiated hBMSCs throughout 21 days of differentiation, another indication of lack of functional maturity.
Discussion
BMSCs are an ideal autogenetic and allogenic multipotent source of stem cells for the repair and regeneration of tissues and organs. hBMSCs are readily available and methods of isolation are straightforward. Indeed, clinical approaches have been developed to concentrate bone marrow (Magellan Ò System; Arteriocyte Medical Systems) for therapeutic use, for example, autologous chondrocyte implantation [24] [25] [26] . BMSCs have the innate machinery for homing and release of trophic mediators [27] [28] [29] . BMSCs also have immunomodulatory capability, and thus avoid an immune response [30] . Mesenchymal stromal cells have been shown to differentiate into hepatic-like cells. However, the methods used have varied in terms of species (human, mouse, and rat), cell source (bone marrow, umbilical cord, and adipose tissue), and differentiation protocols (sequential vs. cocktail).
To assess differentiation and maturation, many methods have been used such as imaging, gene and protein expression, and immunohistochemistry. In this study, we implemented multiple protocols and assessed their success based on a combination of established methods, including cell morphology, gene expression, glycogen storage, ALB secretion, and CYP450 activity. Lee et al. (protocols T1A-C) examined the potential of human adipose stem cells isolated from abdominal fat tissue as a source of personalized therapy for liver failure [31] . The authors concluded that early differentiation and maturation depended on the concentration of activin A. With higher activin A concentration, early differentiation was observed and cells exhibited hepatocyte-like shape. Activin A is a member of the transforming growth factor beta 1 (TGF-b) superfamily and is involved in the activation of the Wnt/b-catenin pathway. Since hepatocytes are from the endoderm lineage, it is believed that MET is necessary for MSCs to differentiate into hepatocytes [32] [33] [34] . This is contrary to our study, where we found cells begin to shrink, but maintain their spindle-like morphology even on day 21 (after step 3). This transition is less uniform at lower activin A concentrations. Gene expression data contradict the study by Lee et al. AFP increased with 100 ng/mL activin A by day 21 and was higher than at 20 or 50 ng/mL. HNF-4a decreased on day 21 for 50 and 100 ng/mL of activin A and increased for 20 ng/mL, which is in agreement with Lee et al. ALB gene expression increased on day 21 for all concentrations of activin A, and lower concentrations showed significantly higher ALB similar to Lee et al.
Other researchers have successfully differentiated MSCs into hepatocytes like using a combination of factors, including HGF, EGF, bFGF, dexamethasone, DMSO, and nicotinamide without activin A [9, [35] [36] [37] . However, the challenge in potentially using hBMSCs in vitro and especially in vivo is the lack of achieving terminally differentiated cells that maintain functionality for long periods. Additional studies, therefore, are necessary to understand the influence of the local microenvironment and to elucidate further the effects of cytokines and chemical compounds. The role of ECM proteins and GAGs on cellular behavior is well established, although the majority of studies have examined the naive and final stages of a differentiation. To the best of our knowledge, our study is the first to examine the temporal evolution of major GAGs and their constituent disaccharides on stromal and other stem-like cells during differentiating.
In this study, protocol T2 performed better than protocols T3 and T4, and significantly better than protocols T1A-C, based on morphological transition into polygonal cells, glycogen storage, and ALB secretion. Protocol T2 was adapted from Wu et al. [37] , where BMSCs were isolated from 7-to 8-week-old Balb/c mice. Our results are similar to Wu et al. in that on day 21, cells had hepatocyte-like morphology, although the transition was much more uniform and more robust than protocols adopted from Xin et al. (protocol T3) and Snykers et al. (T4) . ALB secretion and glycogen storage in protocol T2 were higher than in protocols T3 and T4. Although Xin et al. used hBMSCs, the bone marrow mixture was collected from four different donors, whereas our cells were collected from a single donor [36] . This could result in interindividual variability for which we did not account. Although ALB levels were lower than in primary hHEP, such levels were in agreement with reported levels for differentiated adult stem or stromal cells [31, 35] . In all protocols, CYP450 activity was significantly higher than in undifferentiated hBMSCs, although they remained far lower than CYP450 activity in primary hHEP. In aggregate, these results strongly suggest that the differentiated cells represent early-/ mid-stage hepatic lineage and further maturation is required. To the best of our knowledge, this is the first time CYP450 activity and ALB secretion of hepatocyte-like cells from hBMSCs have been compared to primary hHEP.
To gain greater insight into the effect of various differentiation protocols on cell fate (eg, differentiation state, cell morphology, gene expression, and protein expression), we addressed the GAG profile as a function of differentiation protocols. Specifically, GAG remodeling was examined with respect to major GAGs and their structures (eg, disaccharide composition), for use as a ''marker'' to evaluate the progress of hBMSC differentiation. The parental hBMSC population was HS rich and maintained its GAG composition over the 21 days of culturing, indicating the stable nature of primary adult hBMSCs. By day 7, protocols T1A, B, T3, and T4 yielded cells that reverted to an HS-rich GAG profile. On day 21, HA levels in protocols T1A, B, and
C had significantly dropped versus undifferentiated hBMSCs and versus differentiated cells on day 7. Li et al. showed that activin A has specific binding affinity to HS [38] . This could explain why higher concentrations in protocol T1C showed better performance than lower concentrations (protocols T1A and B). HS levels are high in undifferentiated hBMSCs, and since activin A was added for only 1 day during early differentiation stages, the higher concentration may have significantly influenced cell fate. Similar to activin A, HGF has high affinity to HS and is involved in cell proliferation, morphogenesis, and wound healing [39] . HGF also has high affinity to MET factor (Met), a tyrosine kinase receptor. HS also mediates this interaction. This unique HGF-Met complex formation activates Met, which in turn allows for diverse biological responses of HGF [40] [41] [42] [43] . This could explain the superior effect of HGF to activin A. During the T2 differentiation protocol, HGF was maintained in the culture medium for up to 6 days, while in protocol T3, it was added for 13 days. The longer exposure of HGF did not support further differentiation of hBMSCs to hepatocytes, perhaps due to significant reduction of HS levels by day 7, which can, in part, be due to lack of cellular priming at early differentiation stages. While in protocol T4, HGF was not introduced until day 3, at which point HS had decreased. Thus, the initial amount and duration of use of growth factor based on HS profile played a significant role in hBMSC differentiation.
Looking closer at protocol T2, cells are primed with bFGF, but these cells are also exposed to two powerful, yet conflicting signaling agents. HGF is a potent mitogenic and proliferative cytokine, and is involved in both endoderm development and liver regeneration. However, nicotinamide is a strong differentiation agent, and thus, its addition at a very early stage might negatively affect cellular progression into fully functional hepatocytes. Sequential addition of cytokines and other compounds are known to be far more potent than cocktail-based protocols [9] . Thus, perhaps a two-stage protocol (T2) is not sufficient. From the combined results presented in this study, a four-stage protocol is proposed. Stage one begins with priming by the addition of EGF and/or bFGF. A second stage would involve the addition of a hepatic inducer such as HGF or FGF-4 with or without priming agents. The third stage then would be HGF with either a combination of dexamethasone and nicotinamide or each alone. Finally, a fourth stage would be the maturation with a combination of dexamethasone and nicotinamide or each alone. GAGs and their perspective disaccharide profiles would be examined to determine the optimal conditions. In summary, these results demonstrate the effect of GAG remodeling on hBMSC fate. We hypothesize that by controlling the GAG profile, it may be possible to advance hBMSC differentiation toward primary hHEP. Such control can be achieved by careful choice of cell culture medium composition and treatment protocols in a 3D environment. These results lay the groundwork for future in vivo studies on the role of GAGs in hBMSC differentiation to hepatocytes.
